The present studies examined the effect of acute in vitro acidosis on chloride reabsorption in the rabbit cortical thick ascending limb of Henle (cTALH). Four protocols were used: (a) hypercapnic acidosis; (b) "isocapnic" peritubular acidosis (bath bicarbonate reduction to 10 mM); (c) isocapnic luminal acidosis (luminal bicarbonate reduction to 10 mM); (d) isocapnic pentubular acidosis in the absence of luminal potassium. Transepithelial voltage (VT) decreased during hypercapnic acidosis and increased with recovery. Chloride reabsorption (pmol -mm-' v min') decreased from 503±8.4 to 15.7±5.6, then increased to 45.6±11.1 with recovery. Likewise, VT was decreased reversibly during isocapnic peritubular acidosis, and chloride reabsorption decreased by 60%. Chloride reabsorption was greater (283±3.6) when tubules were perfused at normal luminal pH than at an acidotic luminal pH (11.4±4.5; P < 0.05). Luminal potassium removal reduced chloride transport, and acidosis had no significant additional effect. Decreased chloride reabsorption in the cTALH during acidosis could contribute to the chloruresis associated with systemic acidosis. The symmetrical nature of this effect suggests that acidosis inhibits chloride reabsorption through an effect on cytosolic pH.
Introduction
Acidosis of either respiratory or metabolic origin is associated with chloruresis and natriuresis (1, 2) . Recent evidence suggests that acidosis decreases chloride transport in the proximal tubule (3) and sodium transport in post-proximal segments (4) , including the cortical collecting tubule (5) . However, it has not been determined whether acid-base changes affect sodium chloride transport in the thick ascending limb of Henle. Therefore, the present studies examined this issue using in vitro microperfusion. Separate protocols were designed to examine the effect of hypercapnic acidosis and "isocapnic" acidosis due to reduction in bicarbonate concentration in either the luminal or peritubular fluid. The changes in pH produced were similar to those encountered in clinical medicine. dissection and bath solutions. The perfusate contained 50 ,uCi ml-' of methoxy-tritiated inulin exhaustively dialyzed according to the method of Schafer et al. (7) . Unless otherwise specified, all solutions were gassed to pH 7.4 with a 95% 02 and 5% CO2 mixture. Three other solutions were used in these experiments. Solution B was identical to solution A except that 14 mM Na benzenesulfonate replaced 14 mM NaHCO3 for a final [HCO3] of 10 mM. Solution C was identical to solution A except that 14 mM NaCl replaced 14 mM NaHCO3 for a final [HCO3] of 10 mM. Solution D was identical to solution A except that 19 mM Na benzenesulfonate replaced 19 mM NaHCO3 for a final [HCO3J of5 mM.
Dissection proceeded superficially from the cortical-medullary junction. Tubules were transferred to a thermostat-controlled chamber, and the two ends of the tubule were aspirated into holding pipettes. The perfusing pipette was advanced -100 Am beyond the holding pipette.
Transepithelial voltage (VT) was monitored as described by Jacobson and Kokko (8) . Perfusate traversed the tubule and was collected under water-equilibrated mineral oil in a constant volume pipette. The bath fluid was continuously exchanged by means ofa constant infusion pump at a rate of 0.64 ml * min-'. Volume reabsorption was determined from timed measurements ofthe collected fluid using the equation J, = (cpm.1 cpmj -1). VO/L, where J, is net volume of reabsorption in nl mm' min~1, and cpmO and cprn are the respective tritiated inulin counts per minute per nanoliter in the collected and perfused fluid. V.
is the collected fluid rate (in nanoliters per minute), and L is the tubular length (in millimeters). In VT was adjusted to zero at the beginning of the experiment, before tubule cannulation in symmetrical solutions (with 5% fetal calf serum in the bath), and was rechecked upon the completion ofthe experiment under asymmetrical conditions. The latter value was within 1. 5 (11) . aj maybe considered the effective diameter of the hydrated ion i (12) . The values from this formula are similar to measured activities for chloride and bicarbonate (13) . In the case ofbenzenesulfonate, the activity coefficient was estimated from the extension ofthe Debye-Huckel equation proposed by Kielland (12) . Limiting mobilities of chloride and bicarbonate at 250C were obtained from tables (13) obtained directly from the blood gas analyzer. To be certain that the reported pH values accurately reflected the pH in the bath during these experiments, the experimental protocol was repeated exactly and the pH of the bath was monitored using a miniature pH electrode (Microelectrodes Inc., Londonderry, NH). The pH electrode was positioned at the location of the collecting pipette in the bath. It was calibrated at 370C using three reference standards (pH = 4.0, 7.4, 10.0) and was linear over this entire pH range (coefficient ofdetermination = 0.9993). The solutions and pH measured by this pH electrode placed directly in the perfusion bath are listed in Table I . In separate experiments, the pH of the bath was monitored as a function oftime. The pH ofthe bath was very stable with time. The maximum pH increase registered as 0.04 pH units after 60 min of perfusion (solution A: time 0, pH = 7.43±0.01, time 60, pH = 7.47±0.01; solution B: time 0, pH = 7.08±0.01, time 60, pH = 7.12±0.01). Statistical analyses were performed using analysis ofvariance, multiple regression analysis, or t test for paired or unpaired data as appropriate. The null hypothesis was rejected at the 0.05 level of significance.
Results
There was no significant change in J4 for any of the control, experimental, and recovery periods. The effect of hypercapnic acidosis (solution A) on VT is illustrated in Fig. 1 . VT decreased from a mean value of 4.6±1.1 mV during the control period to 0.9±0.5 mV (P < 0.05) with acidosis and increased to 2.1±0.7 mV (P < 0.05) with recovery. Fig. 2 illustrates the effect ofhypercapnic acidosis on net chloride reabsorption. Chloride reabsorption during the control period averaged 50.3±8.4 pmol* mm-' * min-' and decreased to 15.7±5.6 pmol* mm-' * min-' (P < 0.05) with exposure to 10% Co2, 90% 02. With recovery, there was a substantial increase in net chloride reabsorption to 45.6±1 1.1 pmol* mm-' * min-' (P < 0.05). The relation between chloride reabsorption and luminal flow rate is illustrated in Fig. 3 . There was a significant correlation between chloride reabsorption and axial flow rate in seven tubules for both control periods and acidotic periods. One The next two sets of protocols were performed to examine the effects of selective luminal and peritubular acidosis due to a reduction in bicarbonate concentration. Fig. 4 illustrates the effect of isocapnic reduction in bath bicarbonate concentration on VT (solutions B or C). In these tubules, VT declined slowly but consistently over the period of the experiment. The reason for this decline was not entirely obvious, but the tubules appeared to be morphologically normal. Peritubular acidosis, however, produced a clear decrease in VT, which was 3.5±0. 4 5 illustrates the effect of isocapnic peritubular acidosis on chloride reabsorption. Chloride reabsorption decreased from 38.6±4.4 pmol* mm-'* min-' during the control period to 12.6±2.9 pmol -mm-' -min' (P < 0.05) after reducing the bath bicarbonate concentration to 10 mM. On reexposure to a normal bath pH, chloride reabsorption increased to 26.2±5.6 pmol * mm-' * min-' (P < 0.05). The effect did not appear to be different whether chloride (solution C) or benzenesulfonate (solution B) was substituted for bicarbonate. There was also a significant and reversible effect of acidosis on chloride transport for the tubules that were subjected to peritubular acidosis under symmetrical luminal and peritubular chloride concentrations (benzenesulfonate substitution, solution B). These tubules exhibited a significant decrease in chloride transport, from 37.6±7.0 pmol *mm-' * min' to 13.1±2.4 pmol* mm-' * min-(P < 0.05) during peritubular acidosis, which increased significantly on recovery, to 25.1±4.2 pmol* mm-' * min' (P < 0.05). The third protocol was designed to examine whether the effect of isocapnic (metabolic) acidosis was symmetrical or limited to the basolateral membrane. Luminal bicarbonate was replaced by benzenesulfonate in all these experiments (solution B). Fig. 6 illustrates the effect of isocapnic luminal bicarbonate reduction on VT. The mean VT was 5.0±0.9 mV during those periods when the pH of the perfusate was normal, and was significantly less, 2.5±1.0 mV (P < 0.05), during the acidotic period. Chloride reabsorption with both the normal and acidotic luminal pH is illustrated in Fig. 7 . Chloride reabsorption was 28.3±3.6 pmol* mm-' * min' at a normal luminal pH compared with 1 1.4±4.5 pmol* mm-' * min-' (P < 0.05) during an acidotic pH. The degree of inhibition of chloride transport was similar to the previous observations. Therefore, a selective effect of peritubular versus luminal acidosis could not be established.
The fourth protocol was designed to examine whether or not the inhibitory effect of acidosis required the presence of luminal potassium. Six tubules were perfused in the absence of luminal potassium (solution A') and bathed in random order with either normal bicarbonate ( They suggested that alterations in solute delivery during metabolic acidosis might explain the differences between these outcomes, since acidosis resulted in an increase in the fractional delivery of sodium to the distal nephron. In addition, the observations ofMolony et al. (5) suggest that acidosis may result in decreased sodium reabsorption in the cortical collecting tubule. Cogan (3) has shown recently that in more proximal nephron segments, hypercapnic acidosis decreases chloride reabsorption in the proximal convoluted tubule. However, the effect of acidosis on sodium chloride transport in the cTALH, a major nephron site ofchloride reabsorption, has not been systematically examined by microperfusion.
In the present experiments chloride reabsorption was substantially reduced with three different maneuvers that decreased either luminal or peritubular pH and presumably cytosolic pH. The work of Burg and Green (16) and Rocha and Kokko (17) first established that the nature of solute transport in the thick ascending limb is quite different from other nephron segments. Subsequently, Hebert et al. (18) (19) (20) and Greger (21) have provided evidence that chloride reabsorption in this segment is not primarily active but derives its energy from the reabsorption of sodium across the apical membrane, down its electrochemical gradient. The present studies provide clear evidence for an effect of acidosis to reduce chloride transport in the cTALH. These studies also demonstrate an effect of acidosis to depolarize VT. In view of previous evidence (16, 22) that isohydric luminal bicarbonate removal does not significantly alter VT, these observations are consistent with an effect of hydrogen ion concentration per se to decrease VT. At least three possible effects of acidosis could decrease transport in this segment: (a) acidosis could inhibit the Na pump directly; (b) acidosis could have intracellular effects such as alteration ofcytosolic enzyme activity, agents that regulate transepithelial solute movement, or mitochondrial energy production; (c) acidosis could inhibit luminal NaCl entry. Molony et al. (5) have suggested that acidosis inhibits Na transport in the cortical collecting tubule by inhibiting the Na pump. Acidosis could directly inhibit apical NaCl entry also. Recent evidence suggests that NaCl entry is via a Na-K-2C1 cotransport system and that K conductance may critically reg-ulate the activity of this transport system. Acidosis may inhibit sodium chloride transport by altering apical K conductance. Observations in the cortical collecting tubule (23) suggest that acidosis decreases potassium conductance in this structure. Similar effects of acidosis have been reported for the proximal convoluted tubule (24) and the medullary thick ascending limb of Henle (mTALH) (25) . Recent work in the mTALH suggests that sodium chloride entry depends on potassium conductance and luminal potassium cotransport (26, 27) . To examine whether potassium-coupled sodium chloride entry was critical for the inhibition of chloride transport due to acidosis, a separate set of experiments was performed in which luminal potassium was removed. In these studies chloride transport was reduced and acidosis did not significantly affect chloride transport. Although there appeared to be greater variation in the effect of acidosis on chloride transport in the cTALH in the absence of luminal K, the simplest and most direct interpretation of these results is that chloride reabsorption depends on luminal potassium (consistent with the observations of other investigators 116, [25] [26] [27] ) and that the effect ofan even greater degree ofperitubular acidosis cannot be demonstrated under these conditions. The degree of inhibition of chloride transport in the absence of luminal K is greater in the present study than in previous reports (28) . The explanation for these differences is not apparent but may reflect differences in the solutions used or the method used to access chloride transport (net chloride flux in the present study vs. short circuit current estimated by cable analysis [28] ). Whether luminal potassium concentration and acidosis act by the same mechanism cannot be completely answered by these studies. However, the significant effect of acidosis on VT in this final protocol suggests that in this segment acidosis has separate or additional effects that do not depend on the presence ofluminal potassium. This fact is underscored by the significant difference in the voltage response to isocapnic peritubular acidosis in the presence and the absence of active transport (luminal perfusate without or with furosemide, respectively).
The symmetrical nature ofthe reduction in sodium chloride reabsorption with either peritubular or luminal acidosis would also be consistent with the effect of acidosis to inhibit sodium chloride transport by an effect on cytosolic pH. Consistent with this hypothesis is the observation that the activity ofthe sodium pump is highly sensitive to cytosolic pH (29) . Moreover, Swenson and Maren (30) have recently demonstrated that in the shark rectal gland metabolic or respiratory acidosis ofmagnitude similar to that used in this study resulted in a 60% inhibition of gland flow. These authors postulated that the removal of CO2 was critical to the optimal function ofthe gland. Since the rectal gland is believed to transport sodium chloride in a manner similar to that ofcTALH, this additional evidence is consistent with an effect of intracellular pH to inhibit NaCl transport in the cTALH.
In summary, these observations demonstrate that chloride transport in the cTALH is depressed by acidosis in vitro. In the context of whole kidney physiology, these in vitro findings may have direct clinical relevance to the effect of acidosis on solute and chloride reabsorption in cTALH in vivo.
